Six interspecific hybridomas (heterohybridomas) secreting bovine monoclonal antibodies (MAbs) against respiratory syncytial (RS) virus were produced. Four of the heterohybridomas were formed using the mouse myeloma cell line NS1 as the fusion partner, one using NS0, and the remaining heterohybridoma was formed using a bovine × murine hybridoma as the fusion partner. Five heterohybridomas secreted bovine IgG1 and one secreted IgG2. All six MAbs recognized human subtype A and B viruses as well as bovine RS virus. They were specific for the fusion glycoprotein and reacted with a 140K dimer and a 70K monomer in a Western blot of native antigen; three also bound to the 46K F~ component and its 22K cleavage product in a blot of reduced antigen. Two of these MAbs neutralized RS virus infectivity, inhibited virusinduced fusion, lysed RS virus-infected cells in the presence of complement and protected mice against RS virus challenge.
INTRODUCTION
Respiratory syncytial (RS) virus is a pneumovirus of the family Paramyxoviridae. It is the major cause of severe lower respiratory infection in children in the first year of life, and is also an important cause of respiratory disease in young cattle (Kim et al., 1973a; Stott et al., 1980) . Although effective live and inactivated vaccines have been developed for cattle (Zygraich, 1982; Stott et al., 1984a) , they are not yet available for use in children, despite 20 years of intensive research (Chin et al., 1969; Fulginiti et al., 1969; Kapikian et al., 1969; Kim et aL, 1969 Kim et aL, , 1973b Belshe et al., 1982; Buynak et al., 1978; Wright et al., 1971 Wright et al., , 1982 .
Recent work with recombinant vaccinia viruses expressing individual genes of RS virus indicates that the fusion (F) and attachment (G) glycoproteins together with nucleocapsid protein all play a part in immunity to RS virus King et al., 1987; Olmsted et al., 1986; Stott et al., 1986; Wertz et al., 1987) . Epitopes and peptides of the F protein which are involved in neutralization and fusion inhibition have been identified by monoclonal antibodies (MAbs) (Walsh et al,, 1986; Trudel et al., 1987) . It is hoped that these investigative approaches will eventually lead to a subunit, peptide or live recombinant vaccine against RS virus.
A complementary approach to the control of RS virus infection is the prophylactic and therapeutic use of passively transferred antibody. Prince et al. (1985) showed that human immunoglobulin protects cotton rats against RS virus and these observations have been extended to children (Hemming & Prince, 1986) . Murine MAbs, with a specificity for the F or G glycoproteins of RS virus, when administered intranasally, intravenously or intraperitoneally
METHODS
Celllines and viruses. The bovine 127 strain of RS virus, isolated at Compton in 1973 from a calf with respiratory disease, was used to produce a persistently infected bovine nasal mucosa cell line NM7B. A corresponding uninfected cell line was designated NM5. The A2 strain of RS virus belonged to subtype A and was isolated from a child in Australia (Lewis et al., 1961) . A human B subtype (8/60) was a gift of Mrs B. Head, Common Cold Unit, Salisbury, U.K. The Snook strain of RS virus was isolated from the lung of a calf which died of pneumonia in 1976 (Thomas et al., 1982) .
Three cell lines were used as fusion partners: (i) HAT-sensitive bovine × mouse hybridoma line 94A1 Reclone 2, which secreted a bovine IgG 1 antibody (Tucker et al., 1984) , (ii) P3/NS-1 / 1-Ag4-1/BALB/c-derived myeloma line NS1 and (iii) BALB/c-derived myeloma line NS0, kindly provided by Dr C. Milstein (Galfr~ & Milstein, 1981) .
Preparation of bovine x mouse heterohybridomas. A 10-month-old calf was immunized with two doses of 2 x 10 s NM7B cells with 1 mg purified saponin (Quil A) as adjuvant given subcutaneously 3 weeks apart. Six weeks after the second dose the calf was injected intranasally with 6 x 105 p.f.u, of bovine RS virus (Snook strain). After an interval of 2 months the calf was given a booster injection 4, 3 and 2 days before fusion of lymphocytes with 2 x 106 NMTB cells in phosphate-buffered saline (PBS) containing 0-025% Quil A as adjuvant. Maximum immune stimulation was achieved by injecting cells subcutaneously directly into the area around the prescapular lymph node.
Following surgical removal of the node, a single-cell suspension was prepared and the lymphocytes fused with either NS0, NS1 or 94A1 cells at a 4:1 ratio, using polyethylene glycol of Mr 1500 (Galfr6 & Milstein, 1981) .
The heterohybridomas resulting from each fusion were selected for growth in RPMI 1640 medium containing 100 ~tM-hypoxanthine, 0.4 ~tM-aminopterin, 16 ~tM-thymidine and 10% (v/v) foetal calf serum. Culture fluids were initially screened for antibody to RS virus at regular intervals by ELISA and later by indirect immunofluorescence (IF) on acetone-fixed NM7B cells.
Several hybridomas, selected on the basis of their rate of growth and anti-RS virus activity, as determined both by ELISA and IF, were then cloned twice by the soft agar method (K6hler, 1979) . The resulting MAb-secreting cells were cultured either on stationary plastic surfaces, in stirrer flasks (Techne) or rolled bottles. Pristane-primed conventional and nude BALB/c mice were injected intraperitoneally with 2 x 106 cloned heterohybridoma ceils to produce ascitic fluid.
ELISA. Antigen consisted of calf kidney (CK) cells infected with RS virus and treated with 0.5~ (v/v) NP40 detergent to yield a cell lysate. A control cell lysate was similarly prepared using uninfected CK ceils. Microtitre plate wells were coated with either infected or control cell lysate. Plates were then incubated with hybridoma culture fluid, ascitic fluid or gnotobiotic calf antiserum as a positive control. After washing three times, horseradish peroxidase (HRP)-conjugated rabbit anti-bovine IgG (Miles Laboratories) diluted 1:4000 was added to each well. After a final washing, bound conjugate was detected using the substrate 3,3",5,5'-tetramethylbenzidine (TMB, Miles Laboratories), prepared according to the manufacturer's instructions. Following an adsorption period of 1 h, the virus-antibody mixtures were removed and the cell sheets overlaid with 2-5 ml medium containing 0.25 ~ (w/v) agarose. The plates were incubated for 10 days at 33 °C, the cell sheets then fixed with PBS containing 10 ~ (v/v) formalin, stained with 1 ~ (w/v) crystal violet, and the number of plaques was counted.
Fusion inhibition. Coverslip cultures of MA104 cells were infected with RS virus at an m.o.i, of 0-1 to 0.01 p.f.u. per cell. The medium was replaced 24 h later with either supernatant fluid from heterohybridomas, ascitic fluid diluted 1:100 or normal medium. When cells in normal medium developed large syncytia 4 days later, the medium was stored at -70 °C for future virus titration and all coverslip cultures were fixed in 1 ~ formalin and stained with Giemsa. Absence of multinucleated giant cells indicated fusion inhibition by antibodies.
Complement-dependent cell lysis (CDCL) . In order to demonstrate CDCL, a chromium release assay was employed (Taylor et al., 1984) . Radioimmunoprecipitation assay (RIPA). The specificity of MAbs for viral polypeptides was determined by RIPA using CK cells infected with the 127 strain of RS virus and labelled with [3sS]methionine or [3H]glucosamine. Aliquots (100 Ixl) of labelled antigen were mixed with 25 rtl of undiluted hybridoma culture supernatants or Protein A-purified IgG. Antigen-antibody complexes were precipitated with Staphylococcus aureus (Brunda et al., 1977) and subjected to SDS-PAGE on a homogeneous 12~ acrylamide slab gel (Laemmli, 1970) . The gel was fixed in 7~ (v/v) acetic acid, incubated in Amplify (Amersham), dried and exposed to X-ray film.
Immunoblotting. The specificities of antibodies produced by hybridomas were also examined by enzyme-linked immunoblotting (Taketa et al., 1985) . CK cells infected with the 127 strain of bovine RS virus were washed with PBS and pelleted by centrifugation at 1000 r.p.m, for 5 min. Uninfected CK cells were treated in the same manner and used throughout as a control to detect any non-specific binding. Separate aliquots of cells were resuspended in treatment buffer (62.5 mM-Tris-HC1 pH 8-6 containing 10~o v/v glycerol, 0-001 ~ w/v bromophenol blue and 2~o w/v SDS) and heated to 60 °C for 1 min. Alternatively, cells were resuspended in treatment buffer containing 5 (v/v) 2-mercaptoethanol or 1 ~ (w/v) dithiothreitol and heated at 100 °C for 5 min. Electrophoresis as described by Laemmli (1970) was performed at a constant current of 50 mA.
Proteins separated on the gel were electrophoretically transferred (Towbin et al., 1979) to nitrocellulose (NC) of pore size 0.2 ~am (Schleicher & SchueU; BA83). The NC sheets were immersed in PBS containing 5~ (w/v) ovalbumin (Sigma, Grade II) for 2 h in order to block the unused protein-binding sites. After blocking, the NC sheets were incubated for 2 h with bovine MAb purified on Protein A columns and labelled with 1251. The NC sheets were washed three times over 30 rain with PBS, then dried and exposed to X-ray film.
Mouse protection. Ascitic fluid (100 ~tl) containing bovine MAb was injected intraperitoneally into groups of five BALB/c mice. One day later the mice were challenged intranasally with 104.2 p.f.u, of RS virus (A2 strain). After a further 5 days the mice were killed and their lungs were assayed for RS virus (Taylor et al., 1984) .
RESULTS

Stimulation
Evidence that the prescapular lymph node responded well to the stimulation regime consisted of gross enlargement, when compared by palpation with the contralateral node, congestion of 3026 H. E. KENNEDY AND OTHERS blood vessels, copious exudation of oedema fluid when incised and the microscopic appearance of many active follicles.
Growth of heterohybridomas secreting bovine MAbs
Ten days after fusion several colonies of dividing cells were observed in all the wells seeded with fused lymphocytes, but not in wells with control bovine lymphocytes. Initial ELISA results indicated that even in HAT medium bovine lymphocytes continued to secrete RS virus antibody for several days. The cultures required several changes of medium before RS virus antibodies secreted by heterohybridomas could be distinguished from background antibody produced by unfused lymphocytes. Eventually 14 colonies that secreted bovine antibody to RS virus were isolated (Table 1) . Four of these hybrids were unstable and ceased to secrete antibody on further subculture. The remaining 10 heterohybridomas were cloned twice and continued to secrete bovine MAb to RS virus (Table 1) . Six were fully characterized and formed the basis of the study reported in this paper.
The bovine-murine heterohybridomas were larger than conventional murine hybridomas; they also tended to multiply more slowly and have a lower maximum cell density than murine cells. Consistent with these observations, the maximum yields of antibody to RS virus from heterohybridomas were five-to 10-fold less than those previously observed with murine hybridomas. After cloning, heterohybridomas B4 and B5 were maintained in continuous culture for 81 and 78 passages respectively over 6 months without further cloning. Both cell lines continued to secrete bovine antibody to RS virus at the same level. There was no evidence that these heterohybrid ceils were genetically unstable.
Cloned heterohybridoma cells were also grown under a variety of conditions to establish those most appropriate for antibody production and subsequent purification. Heterohybridomas B1 and B2 were adapted to growth in horse serum because this facilitated the subsequent purification of bovine MAb from medium components. Although B2 adapted well to horse serum, with maximum cell and antibody yields only twofold less than in foetal calf serum, the antibody yield from B1 was reduced 50-fold in horse serum. Stirred cultures and rolled bottles were compared with stationary flasks for the efficiency of antibody production by five different heterohybridomas but there was no significant difference in yield.
Attempts were then made to grow heterohybridoma cells in vivo. At least 106 cells were inoculated intraperitoneally into pristane-primed male BALB/c mice. No ascites or solid tumours developed in any of the normal hairy mice observed for 8 weeks. In nude mice small amounts of ascitic fluid and solid tumours were observed 4 to 6 weeks after inoculation. When these solid tumours were homogenized and inoculated into further pristane-primed nude BALB/c mice, ascites usually developed within 10 to 21 days; between 2 and 8 ml of fluid was collected from each mouse. The titre of bovine antibody to RS virus in ascitic fluid was usually 10-fold higher than that in cell culture fluid. The level of bovine IgG was only 50 p_g/ml for B3 but was between 450 and 1200 ~tg/ml for the other five heterohybridomas (Table 2 ).
An attempt to grow the mixed hybrid cells in the amniotic cavity of a pregnant cow was abandoned when bovine amniotic fluid was found to be toxic for the cells. Cells from the B4 line were suspended either in RPMI or in a dextran solution (Detraven 110, CP Pharmaceuticals, U.K.), placed within cellophane sacks and implanted in the peritoneum of a calf. Daily samples indicated that the cells failed to replicate and were all destroyed within 7 days. We concluded from these experiments that bovine x murine heterohybridomas grew less vigorously and secreted less antibody than murine hybridomas. Nevertheless, acceptable quantities of bovine MAbs were obtained for characterization by passaging the cells in nude BALB/c mice.
Bovine MAbs to RS virus
Characterization of bovine MAbs
The Ig subclass of MAb B2 was IgG2 and the remaining five were all IgG1 ( Table 2) . The bovine IgG concentration in B3 ascites was approximately 10-fold less than in the others and this was reflected in the ELISA titre of 3.3 loglo units against bovine RS virus antigen. ELISA titres in the other five ascites ranged from 4.3 to 5.0 log10 ( Table 2 ). The ELISA titres against the A 2 and 8/60 strains of human RS virus were similar to those against the 127 bovine strain, indicating that the epitopes recognized by these six MAbs were expressed on bovine strains and both human subtypes of virus.
All six MAbs gave bright diffuse immunofluorescence on acetone-fixed RS virus-infected NM7B cells but not on uninfected NM5 cells. The appearance and distribution of the fluorescence was identical to that seen with murine MAbs to the fusion protein (Stott et al., 1984b) . Surface fluorescence on unfixed NM7B ceils was also seen with all six MAbs but the proportion of stained cells ranged from only 10 ~o with B3 to 100 ~o with B4; 84 ~ of the cells were stained by a bovine hyperimmune serum. There was no staining of unfixed NM5 cells.
Immune precipitation of radiolabelled bovine RS virus indicated that all six bovine MAbs recognized the fusion protein (Table 2 ). This was confirmed by a Western blot of non-reduced and reduced lysates of cells infected with bovine RS virus. The blots were probed with radioiodinated bovine MAbs (Table 2, Fig. 1 ). All six MAbs recognized the 140K F protein dimer and the 70K monomer present in native antigen. However, only B1, B4 and B5 MAbs recognized the 46K F1 protein and its 22K cleavage product in antigen denatured by boiling in dithiothreitol. MAbs B1 and B3 bound equally well to 140K and 70K antigens, B2 and B6 bound more strongly to 140K and B4 and B5 bound more strongly to 70K. The binding of B1 to the 22K antigen in reduced lysate was weak compared to that of B4 and B5. B5 also recognized additional peptides in both native and reduced antigens. These peptides were virus-specific since they were not seen in uninfected cell lysates.
Biological properties of bovine MAbs
Two of the six MAbs, B4 and B5, neutralized RS virus infectivity to titres of 4.5 and 3.9 log10 respectively (Table 3) . These two MAbs also inhibited fusion of MA104 cells infected with RS virus at an m.o.i, of 0.01 p.f.u, per cell when added 24 h after virus. They also eliminated virus from these previously infected cultures; within 4 days of infection the titre of RS virus in Bovine MAbs to RS virus 3029 untreated cultures, or those treated with MAb B1, B2, B3 or B6, had risen to 8 × 104 p.f.u./ml whereas no virus was detectable in cultures treated with MAb B4 or B5.
Complement-dependent cell lysis by bovine MAbs was assessed by release of 5ICr from NM7B cells persistently infected with bovine RS virus and the uninfected control NM5 cell line. Only MAb B2 failed to give any specific release of chromium. The specific release from NM7B cells by ascites diluted i :100 ranged from 31 ~ for B3 to 65~o for B5, compared with 35~o for a polyclonal gnotobiotic calf antiserum to RS virus. MAbs B 1 and B4 also gave significant release from NM5 at 1:100 dilution, but this was absent at 1:800 dilution. The endpoint titres for specific release fron NM7B cells ranged from 16000 for B1 and B6 to 80000 for B4.
The in vivo protection afforded by bovine MAbs was assessed by challenging mice intranasaUy with RS virus 24 h after intraperitoneal injection of at least 5 p.g of antibody. Mice were killed 5 days after challenge and virus in their lungs was assayed. The mean virus titre in untreated mice was 5-2 log~0 p.f.u./g tissue ( Table 3 ). Titres of virus in mice given MAb B1 or B2 were not significantly different. However, mice given B3 or B6 had three-to fourfold less virus (Table 3) . MAb B4 or B5 reduced virus titres in the lung by over 1000-fold, After administration of B4, virus was not detectable. Titres of bovine antibody in sera of the mice ranged from 2.8 to 4.1 logj 0 units. Although the small reductions in virus titre caused by B3 and B6 were statistically significant, they were probably not biologically significant. In contrast, B4 and B5 were powerfully protective.
DISCUSSION
Heterohybridomas secreting bovine MAbs to RS virus were successfully derived from each of the three fusion partners used. Prolonged culture of two cell lines, B4 and B5, indicated that antibody production was a stable characteristic of these murine × bovine hybridomas. Previous cytogenetic analyses indicated that such heterohybridomas lost bovine chromosomes as they proliferated and that re-fusion with bovine lymphocytes increased the bovine complement of chromosomes in the cells (Tucker et al., 1984) . We found no evidence that using the bovine x murine heterohybridoma, 94A1, as fusion partner increased the frequency of hybridomas secreting bovine antibody to RS virus, nor that the B2 cell line, derived from 94A1, was more stable than heterohybridomas derived from murine myelomas NS0 and NSI. However, more extensive comparisons are required in order to define the best fusion partner for generating heterohybridomas secreting bovine MAbs.
The production of bovine MAbs of unknown specificity by heterohybridomas was originally reported by Srikumaran et al. (1983 Srikumaran et al. ( /1984 . Specific bovine MAbs to sheep red blood cells (Tucker et al., 1984) , bovine coronavirus (Raybould et al., 1985) and Escherichia coli were produced by similar methods. Bovine MAbs to RS virus have not previously been described. The maximum cell density achieved by our lines in culture (4 x 105 cells/ml) is similar to that described for other heterohybridomas and lower than the 2 × 106 cells/ml usually obtained with conventional routine hybridomas (Campbell, 1984) .
Reduced cell growth partly accounts for maximum ELISA titres to RS virus of 3.4 to 4.0 log~0 in culture fluids of heterohybridomas compared to 5.0 log10 in fluids from murine hybridomas. These titres represent a rate of Ig secretion of approximately 1 to 5 p~g/106 cells/ml, which is similar to that reported for other bovine heterohybridomas Srikumaran et aL, 1983 Srikumaran et aL, /1984 but lower than levels secreted by mouse hybridomas (Campbell, 1984) . Passage of heterohybridomas in nude mice increased the concentration of Ig and the highest yield of 1-2 mg/ml for B1 was only "slightly less than the 2 to 5 mg/ml usually obtained with routine hybridomas.
All six bovine MAbs were specific for the F protein of RS virus (Fernie & Gerin, 1982; Walsh & Hruska, 1983) . In common with most MAbs raised against F protein, they all recognized epitopes on human RS virus strains belonging to both subtypes A and B, as well as bovine virus (Stott et al., 1984b; Mufson el al., 1985; Orvell et al., 1987) . The F protein was purified and characterized by Walsh et aL (1985) who also showed by SDS-PAGE that in 0"1~o SDS it behaved as a dimer of 145K ; if heated in 2 ~o SDS a 70K F 0 monomer was observed (Walsh et al., 1986) . Reduction of disulphide bonds separated F0 into two bands, FI (48K) and F2 (23K).
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Protease digestion of F~ released a 22K fragment which migrated close to F 2 in SDS-PAGE (Norrby et al., 1986) . All six of our bovine MAbs recognized native F protein in Western blots, but differential binding to 140K and 70K forms (Fig. 1) implied that conformational changes occurred during dimerization, which made B2 and B6 epitopes more available and B4 and B5 epitopes less accessible. MAbs B 1, B4 and B5 also recognized reduced F protein, suggesting that they bind to linear epitopes. MAbs B4 and B5 also reacted strongly with the 22K fragment of Fx. The neutralizing MAb 7C2 (Trudel et al., 1986 ) had a similar binding pattern. Experiments are in progress to establish whether B4 and B5 bind to peptides incorporating amino acids 221 to 232 which appear to mimic the binding site for 7C2 (Trudel et al,, 1987) .
The biological properties of bovine MAbs show similar functions to murine MAbs to F protein (Taylor et al., 1984) . MAbs B1 and B3 to B6 lyse virus-infected cells in the presence of rabbit complement. The failure of B2 to lyse cells is consistent with the inability of bovine IgG2 to activate guinea-pig complement (Howard & Brownlie, 1979) . Only B4 and B5 neutralize RS virus infectivity, inhibit virus-induced cell fusion and reduce virus titres in mouse lungs by over 1000-fold. Our previous studies have established that only MAbs'that neutralize infectivity and inhibit fusion are capable of inducing this level of protection in mice (Taylor et al., 1984) . Pooled human Ig protected cotton rats when given intravenously and reduced doses were required when antibody was given intranasally (Prince et al., 1987) . These studies have been extended to children (Hemming & Prince, 1986) . The ability of bovine IgG to protect mice is consistent with our earlier unpublished observations that bovine hyperimmune serum protected mice. These two MAbs will be valuable in further studies to identify protective epitopes recognized by a natural host of RS virus and to elucidate the mechanism by which passively transferred antibody protects against RS virus. Experiments are in progress to establish whether they will protect mice when given intranasally and whether they will protect calves against RS virus challenge. If they do, bovine MAbs will be potentially powerful prophylactic and therapeutic agents in the control of bovine respiratory disease.
